A method was developed for processing cellulose nanocomposites using conventional vacuum infusion. Porous cellulose nanofiber networks were prepared via ice-templating and used as preforms for impregnation with a bioepoxy resin. Microscopy studies showed a unidirectionally oriented micrometer-scale pore structure that facilitated the infusion process by providing flow channels for the resin. The permeability of the preforms was comparable to that of natural fiber mats, and the infusion time significantly decreased after optimizing the processing temperature. The flexural modulus of the bio-epoxy increased from 2.5 to 4.4 GPa, the strength increased from 89 to 107 MPa, and the storage modulus increased from 2.8 to 4.2 GPa with 13 vol% cellulose nanofibers. The mechanical properties also showed anisotropy, as the flexural and storage moduli were approximately 25% higher in the longitudinal direction, indicating that the nanofiber network inside the epoxy matrix had an oriented nature.
Introduction
Cellulose nanofibers (CNFs) are nanometer-scale fibers extracted from plant cell walls. They have good mechanical properties and have great potential for use as a reinforcement material in composites [1] . The renewable nature and abundance of CNFs also make them suitable for sustainable high-volume production. However, the transfer of the nanoscale properties of the fibers to macroscopic composite materials is not easily achieved. Most processing methods are time consuming [2] [3] [4] [5] , limited to the laboratory scale [6] [7] [8] , or suffer from problems, such as difficulty in achieving good fiber dispersion [9, 10] . In order to utilize the good mechanical properties intrinsic to CNFs in commercially produced composites, processing routes applicable to the industry need to be developed.
The use of preformed CNF structures that can be impregnated with thermosetting resins is an approach receiving considerable attention, as it makes it possible to achieve a high content of the reinforcement material, resulting in good mechanical properties [2] [3] [4] [5] [11] [12] [13] . Most of the studies have focused on thin sheet-like networks of CNFs, commonly called nanopapers. The earliest attempts at impregnating nanopapers with a thermosetting resin resulted in composites with a high elastic modulus and strength (19 GPa and 370 MPa, respectively), but the process was time consuming and relied on the use of solvents to facilitate the impregnation [2] . Solvent exchange methods have been utilized more recently to increase the porosity of nanopapers and to make the impregnation easier, but it is still very difficult to permeate the nanofiber network with a resin, even at 80% porosity [3, 5, 12] . This is most likely related to the nanometer-scale pore size of nanopapers [14] . High porosity does not guarantee good permeability if the pores are too small to be penetrated by the liquid resin. This is especially the case when using solvent-free processing methods such as vacuum infusion [12] .
Ice-templating (or freeze-casting) is a method that can be used to prepare highly porous CNF networks, commonly called aerogels, with pores having a diameter from tens to hundreds of micrometers [15] [16] [17] [18] [19] . The micrometer-scale porosity can be expected to result in better impregnability of aerogels in comparison to nanopapers. Aerogels prepared via unidirectional ice-templating have a unique honeycomb structure, in which hexagonal channels, oriented along the freezing direction, run through the material. These channels can be filled with a polymer to form composites with an oriented and continuous fiber network inside the matrix [16, 17] . Combining the unique architecture of aerogels with a vacuum infusion process is a positive step towards more industrially viable cellulose nanocomposite fabrication.
In our previous study, we presented a processing route utilizing CNF aerogels as preforms in vacuum infusion to prepare epoxy/CNF composites [17] . The scope of the materials characterization was relatively limited, and the focus was more on the structure and properties of the aerogels than on the processing of the nanocomposites. Thus, the aim of the current study was to optimize both the ice-templating and the vacuum infusion processes and to obtain more information on the mechanical properties of the resulting cellulose nanocomposites. In addition, the effect of changing the CNF content of the aerogels on both the vacuum infusion process and the mechanical properties of the nanocomposites was studied. This paper presents the improved processing route and the results of tensile, flexural, and dynamic mechanical tests in combination with a morphological investigation of the materials.
Experimental

Materials
CNFs were obtained from bleached softwood pulp (90% pine, 10% spruce, Stora Enso, Oulu, Finland) via mechanical fibrillation. Two 7.5 kg batches of a 2.0 wt% suspension were passed through an ultrafine grinder (Super Masscolloider MKCA 6-2J CE, Masuko Sangyo Co, Ltd., Kawaguchi, Japan). Each batch took approximately 3.5 h to process. The gap between the grinding stones was gradually decreased to −90 µm relative to the initial contact point. The resulting CNF suspension had a 1.88 wt% concentration and consisted mostly of nanofibers (Fig. 1) .
The TEM samples were prepared by applying a drop of a dilute suspension on a carbon-coated grid and subsequently drying the fibers and staining them with uranyl acetate.
The polymer matrix used in the cellulose nanocomposites was a bioepoxy resin (SUPER SAP® BRT, Entropy Resins, Hayward, USA) with a 21% bio-based carbon content. The resin was mixed with a SUPER SAP® INH hardener using a 100:30.3 mixing ratio (by weight).
Sample preparation
CNF aerogels were prepared via ice-templating of 1.0 and 1.5 wt% CNF water suspensions. The suspensions were stirred for 30 min with a magnetic stirrer to improve the nanofiber dispersion. This was followed by mixing and degassing with a planetary mixer (THINKY ARE-250, Thinky Corp., Tokyo, Japan) to remove any formed air bubbles prior to the casting. Approximately 120 g of the suspension was poured inside a polytetrafluoroethylene mold with a rectangular cavity measuring 100 × 60 × 20 (height × width × thickness) mm 3 and a copper bottom plate (Fig. 2a) . The suspension was gradually frozen by placing the mold on top of a copper rod immersed in liquid nitrogen. The temperature of the bottom plate was controlled with a PID-controlled heating element attached to the rod. The freezing process started at 0°C, and the temperature was decreased at a rate of 40°C/h until the whole CNF suspension was frozen. A dry and porous CNF preform was obtained by placing the mold containing the frozen suspension inside a freeze-dryer for approximately five days. Cellulose nanocomposites were prepared by impregnating the aerogels with a bio-epoxy resin using vacuum infusion (Fig. 2b) . The aerogel preform was placed on a metal plate and covered with a plastic film that was attached to the plate using a sealant tape. Two tubes, a resin inlet and an outlet, were used in combination with a breather cloth to direct the resin inside the aerogel. A premixed epoxy/hardener mixture was degassed for approximately five minutes, until no significant number of bubbles emerged, and the preform was filled with the mixture along the freezing direction with the aid of a vacuum pump. The pressure difference across the vacuum infusion system was one atmospheric pressure (a full vacuum was applied at the outlet). To decrease the resin viscosity, the degassing was conducted in a vacuum oven at 60°C, and the metal plate acting as a mold was heated to 60°C with a hot plate. When the whole system was filled with the resin, both the inlet and the outlet tubes were clamped. After one hour, the temperature of the mold was increased to 80°C and kept there for one additional hour for curing. Finally, the mold was removed from the hot plate, and the nanocomposite sample was demolded after cooling. An epoxy control sample was prepared by pouring an epoxy/hardener mixture on a Petri dish and subjecting it to similar conditions as the composite samples.
Characterization
The viscosities of the CNF suspensions and the bio-epoxy resin were measured with a rheometer (Discovery HR-1, TA Instruments, New Castle, USA). A shear rate ramp from 0.1 to 1000 1/s using a cone-plate geometry (40 mm diameter, 1.999°angle, 52 μm truncation) and a 25°C temperature was performed for the CNF suspensions. For the resin, a temperature sweep (from 20 to 120°C) and four isothermal cure tests (at 20, 40, 60, and 80°C) were carried out using cone-plate (40 mm diameter, 1.999°angle, 52 μm truncation) and plate-plate geometries (25 mm diameter, 500 or 1000 μm gap depending on the sample), respectively. Frequencies of 1 and 10 rad/s, and torques of 10 and 50 µNm (stress-controlled oscillation mode) were used depending on the sample. A constant shear rate of 100 1/s had to be used instead of oscillation for the isothermal cure test at 80°C to get a proper torque response.
The structure of the aerogels was characterized with an optical microscope (Leica MZ FL III, Leica Camera AG, Wetzlar, Germany). Thin transverse and longitudinal (in relation to the freezing direction) cross-sectional slices were manually cut with a microtome blade for the imaging.
The cellulose nanocomposite samples were imaged with a field emission scanning electron microscope (ZEISS ULTRA plus FE-SEM, Carl Zeiss AG, Oberkochen, Germany). Small pieces of the material were frozen in liquid nitrogen, and fracture surfaces were obtained using a pair of pliers. The specimens were attached to sample holders showing the fiber size distribution calculated based on over 600 fiber diameters measured from TEM images. For FESEM imaging, the fibers were carefully collected from a dilute suspension on a polycarbonate membrane, frozen in liquid nitrogen, freeze-dried, and sputtercoated with platinum. The TEM samples were prepared by applying a drop of a dilute suspension on a carbon-coated grid and subsequently drying the fibers and staining them with uranyl acetate.
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Composites Part A 125 (2019) 105515 with carbon tape and sputter-coated with a thin (approximately 6 nm) layer of platinum to avoid charging. An acceleration voltage of 5 kV and a working distance of approximately 5 mm were used. The porosity of the aerogels was calculated as
where ρ aerogel is the apparent density of the aerogel and ρ f is the density of the cellulose nanofibers (assumed to be 1.5 g/cm 3 ). The aerogels were weighed immediately after freeze-drying, and the apparent densities were calculated by dividing the weights by the volumes of the samples. The dimensions of the samples were measured at 5 different points using a digital caliper, and the arithmetic mean was used in the calculations.
The weight fractions of the fiber and matrix phases were calculated from the weights of the aerogels before and after vacuum infusion, and the densities were obtained from the weights and dimensions of the mechanical testing specimens.
The fiber and matrix volume fractions V f and V m in the nanocomposites were calculated as [20] 
where ρ c and ρ f are the densities of the composite and the fibers, respectively, and W f is the fiber weight fraction. The void content ϕ of the composites was estimated as ϕ = (1 − ρ m /ρ t ) * 100, where ρ m is the measured density of the composite material and ρ t is the theoretical density based on the volume fractions and densities of the fiber and epoxy phases. The unsaturated one-dimensional in-plane permeability of the aerogels was calculated by recording the vacuum infusion experiments and analyzing the videos with image analysis software. The permeability K was calculated based on Darcy's law as [21, 22] 
where L is the filling distance, µ is the viscosity of the resin, V f is the fiber volume fraction, t is the filling time, and ΔP is the pressure difference across the vacuum infusion system. A value for L 2 /t was obtained from the slope of a linear regression line calculated for the initial 10 min of the experimental filling distance/time curve. For the viscosity of the resin, an average value for the first 10 min of the curing process was used, during which the viscosity increased from 57 to 91 mPas. To confirm the results, they were compared to those obtained by including the viscosity change in the equation. A polynomial curve was fit to the first 10 min (600 s) of the bio-epoxy viscosity data and included in the integration of Darcy's law to obtain 
The tensile and flexural properties of the composite and epoxy samples were characterized using a Zwick/Roell Z2.5 universal testing machine (Zwick GmbH & Co.KG, Ulm, Germany) equipped with a 1 kN load cell. The testing procedure followed the guidelines given in ISO 527 and ISO 790 standards for the determination of tensile and flexural properties of plastics, respectively. Rectangular 50 × 4-5 × 1 mm 3 specimens were cut for the testing and kept at 23°C and 50% relative humidity for a minimum of eight hours. For tensile testing, the gauge length was set at 20 mm, and a span of 30 mm was used for flexural testing. For both tests, a testing speed of 5 mm/min was used, except for the modulus determination, between the strains of 0.05 and 0.25%, for which a 1%/ min speed was used. The composite samples were cut into transverse and longitudinal specimens in relation to the freezing direction during the ice-templating process. Five specimens were tested for each material. The viscoelastic properties of the materials were characterized using dynamic mechanical analysis (Q800 DMA, TA Instruments, New Castle, USA). Specimens 25 × 3 × 1 mm 3 were tested under a three-point bending mode using a 1 Hz frequency, 40 µm amplitude, and a span length of 20 mm. The temperature was increased from 30 to 80°C at a rate of 2°C/min. At least two specimens were tested for each material, and the composite samples were tested in both the longitudinal and transverse directions.
Results and discussion
Aerogels
The ice-templating process results in a self-standing and foam-like material (Fig. 3a) . The samples prepared from a 1.0 wt% suspension (henceforth called 1.0 wt% aerogels) are soft and have a smooth surface that responds elastically to minor compression. The ones based on a 1.5 wt% suspension (henceforth called 1.5 wt% aerogels) are stiffer and have a more uneven surface created by small air pockets that were formed during the manual filling of the mold cavity prior to the freezing of the suspension. The formation of air pockets is related to the higher viscosity and gel-like nature of the 1.5 wt% suspension (Fig. 3b) .
The average dimensions of the aerogels (102 × 58 × 18 mm 3 ) differ from those of the initial unfrozen CNF suspension inside the mold cavity. The transverse cross-section is smaller because the samples shrink during the drying process, and the size is larger along the longitudinal direction because the water expansion upon freezing is forced to occur towards the mold opening. The porosities of the 1.0 and 1.5 wt% aerogels are 99.2 and 98.9% (corresponding to densities of 11.6 and 16.4 kg/m 3 ), respectively. The porosity is directly related to the ratio of water and CNFs in the freezing suspension. The more water the suspension contains, the more empty space is left inside the material after freeze-drying, provided that there are no significant differences in the degree of shrinkage. The inner structure of the aerogels is composed of open pores that can be utilized as channels to be filled with a polymeric material (Fig. 3c-f) . The polygonal pores, with diameters ranging from tens to hundreds of micrometers, have been left behind by the sublimated ice, and the pore walls consist of CNFs that have been pushed between the growing ice crystals during ice-templating. The hexagonal shape of the water crystals is visible in some of the pores, but most cross-sections deviate from the idealized shape. Most likely, the shape is affected by the fiber-fiber interactions and the tendency of CNFs to absorb moisture after being exposed to atmospheric conditions. These pore structures are typical of CNF-based aerogels [15] [16] [17] [18] [19] . The size of the pores depends on the type and concentration of the fibers and on the freezing rate. Slower freezing results in pores with a larger diameter. The 1.0 wt% aerogels appear to be more homogenous and better oriented, as most of the pores are vertically aligned (Fig. 3c and e) . On the other hand, the 1.5 wt% aerogels have a more random structure ( Fig. 3d and f) . Some of the pores are aligned in a dendritic fashion instead of being strictly vertical and do not appear to be as well formed as in the 1.0 wt% aerogels. This may be caused by the higher viscosity and more gel-like nature of the initial suspension (Fig. 3b) . The solidification front of the growing ice crystals has to compete with the fiber-fiber interactions, and with a high fiber content, these forces may be strong enough to prevent the formation of a vertical pore structure. A similar tendency has also been observed previously [17] .
It should be noted that the orientation of the fiber structures at the microscopic level does not provide information about the orientation at the single nanofiber level. The individual fibers may or may not be aligned along the freezing direction, irrespective of whether the pore structures are unidirectionally oriented. To gain information on the fiber orientation, more sophisticated methods such as wide-angle X-ray scattering are necessary.
Vacuum infusion
The results of the viscosity measurements performed prior to the vacuum infusion experiments are shown in Fig. 4a and b. The viscosity of the bio-epoxy resin decreases with increasing temperature up to approximately 80°C, after which point the curing rate accelerates significantly, leading to a rapid increase in the viscosity. The results of the four isothermal curing tests show that by increasing the temperature from 20 to 80°C, the initial viscosity can decrease over 20-fold. However, the processing window becomes very narrow at such a high temperature. Thus, based on the viscosity measurements and trial vacuum infusion experiments, 60°C was the temperature chosen for the cellulose nanocomposite preparation. At other temperatures, the curing tends to occur before complete impregnation because either the viscosity or the curing rate is too high. Fig. 4 c and d show a 1.0 wt% aerogel before and after the vacuum pressure is applied, respectively. The aerogel preform that is laid on a mold undergoes compaction, and the compressed structure is filled with the resin along the freezing direction, that is, the pore direction. The pores act as channels for the resin to run through, and the degree of compaction determines how open the pores remain during the filling process.
The in-plane permeabilities of the 1.0 and 1.5 wt% aerogels along the freezing direction, calculated from the infusion distance versus time curves using Eq. (3) (Fig. 4 e and ) [23] and close to those of wood fiber mats [24] , which shows that the aerogels have the potential to be utilized as a preform material. The 1.5 wt% aerogels are easier to impregnate because of the lower degree of compaction under vacuum pressure. The pore structure remains more open in these samples, making it easier for the resin to flow through the sample and to fill the voids between the pore walls. The difference between the two preform types is clearly visible in the infusion distance plots (Fig. 4 e) . In practice, the 10 cm long 1.5 wt% aerogels take roughly 15 min to fill, but the 1.0 wt% aerogels are very difficult to impregnate completely before the viscosity of the resin increases too much. The difference in the compaction degree affects the composites such that those based on the higher density aerogels have a lower fiber content than the ones based on the lower density aerogels. Even though the lower density samples contain fewer fibers, the fibers end up being confined inside a smaller volume, making the permeability lower and the final composite sheets thinner and more fiber-rich. A similar relationship between the fiber volume fraction and permeability is common in liquid composite molding processes [22] [23] [24] [25] . In the case of the aerogels presented here, the porosity, and thus the infusibility, is greatly influenced by the vacuum conditions because of the compressible nature of the material. This gives rise to a possibility to control the permeability along with the fiber content of the resulting composite, making the aerogels a versatile and interesting preform material.
Composite morphology
The vacuum infusion process results in a thin transparent sheet of cellulose nanocomposite material (Fig. 5a and b) . The average length and width of the samples are close to those of the aerogel preforms, but the thickness, because of the compaction phenomenon discussed above, is significantly smaller. The average thicknesses of the composites based on the 1.0 and 1.5 wt% aerogels are 1.18 and 2.36 mm, respectively.
The aerogel pores can be seen on the composite fracture surfaces as collapsed structures filled with the epoxy polymer (Fig. 5c-f) . The initial hexagonal or otherwise polygonal pores have been compacted during the vacuum infusion process and appear as horizontally elongated cross-sections ( Fig. 5c and d) . The polymer-filled pores form a unidirectional structure that runs along the freezing direction ( Fig. 5e and f). Sheets of CNFs can be seen alternating with epoxy layers to form a potentially mechanically robust laminated architecture. The structure is similar to that of the composites reported in a previous study [17] .
Mechanical properties of the composites
The elastic moduli of the cellulose nanocomposites are higher than that of neat epoxy in both of the testing directions (Fig. 6, Table 1 ). Improvements of 30% and 74% in tensile and flexural moduli, respectively, are achieved with the addition of 13 vol% CNFs. The aerogel forms a network-like CNF reinforcement phase inside the matrix and increases the stiffness of the material. The differences in the longitudinal and transverse moduli, especially in the flexural test results, also indicate that the structure of the network is anisotropic. The orientation effect is more obvious in the 13 vol% composites (based on 1.0 wt% aerogels), most likely as a result of better alignment of the pores in the 1.0 wt% aerogels. As discussed above and seen in Fig. 3 , the 1.0 wt% aerogels have a more uniform structure that contributes to the better properties of the higher fiber content composites and makes the longitudinal flexural modulus 25% higher than the transverse one. However, the improvements in the elastic modulus of the composites are relatively modest in comparison to those reported for example by Ansari et al. for epoxy/CNF composites prepared by impregnation of cellulose nanopapers [5] . They were able to increase the modulus from 2.1 to 5.9 GPa at 15 vol% fiber content. The difference in the obtained values may be explained by the different approaches utilized in the processing of the composites. Using nanopapers instead of aerogels as a preform material may have resulted in a stronger fiber network. The   Fig. 4 . Vacuum infusion. Results of (a) a temperature ramp and (b) isothermal cure tests for the bio-epoxy resin. A photograph of a 1.0 wt% aerogel (c) before and (d) after applying the vacuum pressure. (e) Infusion distance/time curves and (f) the curve-fitting procedure used for calculating the unsaturated one-dimensional in-plane permeabilities of the aerogels. Only the values for the initial 10 min of the experiments were used in the calculations because after that the resin started to flow through the sides of the samples in addition to flowing through them. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) CNFs may also have been better separated inside the polymer matrix, especially as the use of solvent exchange is associated with CNF networks with a higher specific surface area, and thus less agglomerated fibers [26] . However, this type of impregnation is very time-consuming and the use of solvents is not desirable. In the case of the results obtained in the current study, it should also be noted that some compliance issues might have affected the mechanical testing, as no extensometer was used for measuring the strain applied to the test specimens. The longitudinal strength of the 13 vol% composites is higher than that of the epoxy matrix. A 20-30% improvement can be seen in both the tensile and the flexural strengths. For the 10 vol% composite, the longitudinal strength is practically unaffected because the samples break prematurely in comparison to the higher fiber content ones. This may be caused by a difference in the void content, as the estimated values are 2 and 4 vol% for the 13 and 10 vol% composites, respectively. However, the values should be taken with caution, as the exact measurement of the void content of nanocomposites is difficult.
The strength values are also lower than those reported by Ansari et al. [5] . The lower than expected improvement in the mechanical properties can be explained by the fact that the impregnation does not seem to have occurred at the single fiber level (Fig. 5c-f) , and the properties rely more on the fiber network structure, i.e. the aerogel, as a whole. This has been shown by Lee et al. to be true for most resinimpregnated CNF networks [1] . The observed differences between the two testing directions may result from the anisotropic properties of the aerogels as a significant difference between the longitudinal and transverse compressive strengths was observed in a previous study [17] . If the fiber phase acts exclusively as a network, any differences in the longitudinal and transverse properties of the composites would be caused by anisotropy in the structure of the aerogels, not by the orientation of the fibers. Another cause for the non-ideal properties might be poor interfacial adhesion between the fibers and the matrix. This is supported by the DMA test results and is discussed in the next subsection.
The transverse strength seems to be compromised in all of the samples. The less than ideal values indicate that weak interfacial adhesion in combination with the alternating epoxy/CNF structure make the composites fragile in the transverse direction. The sheet-like pore walls consisting of agglomerated CNFs may act as crack initiation points, especially if the impregnation has not occurred at the single fiber level. Improving the compatibility between the two components and minimizing the fiber agglomeration appears to be essential for the method to result in nanocomposites in which the reinforcement potential of CNFs is fully utilized. Another potential way to improve the mechanical properties of the composites would be to increase the fiber content. This could be realized by taking advantage of the fact that by lowering the fiber content the aerogels can be made softer and more compressible, resulting in a composite with a higher fiber content. An additional benefit of lowering the fiber content of the aerogels would be that the pore walls would become thinner and the fibers would be less agglomerated. However, the handling of the aerogels becomes increasingly difficult with decreasing fiber content. Most likely, a tradeoff has to be made between the processability of the aerogels and the fiber content of the composites.
Viscoelastic properties of the composites
A trend similar to that observed in the tensile and flexural performance of the composites can be seen in the DMA test results (Fig. 7 and Table 2 ). The storage modulus is increased from 2.8 GPa to 4.2 GPa, an improvement comparable to those reported in a previous paper [17] and by other groups [5, 27] . The storage modulus improves as the fiber content increases, and the value is higher in the longitudinal than in the transverse direction. Again, the difference between the values obtained for the two testing directions indicates that a significant level of anisotropy exists in the fiber structure because of the vertical growth of the ice crystals during the aerogel preparation. The storage modulus of the composites is considerably higher than that of the matrix material especially at temperatures above the glass transition temperature. The continuous fiber network provides structural integrity even when the epoxy polymer is in the rubbery state. This has also been reported elsewhere for CNF composites with epoxy [5] as well as with other polymers [3] .
Even though the storage modulus is improved, the shift in the tan delta peak temperature towards lower values is an indication of a less than ideal interaction between the fibers and the matrix. The load applied to the material is not properly transferred from the bio-epoxy matrix to the CNF structure. This supports the results of the tensile and flexural tests. Clearly, better compatibility between the two components is needed to achieve the full reinforcing potential of the aerogels. A positive tan delta peak temperature shift, associated with good interfacial adhesion [27] , was observed in our previous study for composites prepared with a similar method at a lower temperature [17] . This indicates that the change in the processing temperature from the previously used room temperature to 60°C may have negatively affected the formation of the fiber-matrix interface. In addition, differences in the cure shrinkage of the epoxy resin may have contributed to the differences between the results.
Conclusions
A processing approach that utilizes preformed infusible CNF networks is an attractive option for cellulose nanocomposite manufacturing because of its close resemblance to the methods already used in the industry. In principle, networks with a suitable structure could be used similarly to carbon and glass fiber mats (e.g., in vacuum infusion processes). With such an approach, some of the problems commonly faced in other processing routes can be avoided, and a high fiber content can be achieved.
In this study, the applicability of the impregnation method was shown in a laboratory-scale setting. Cellulose nanocomposites were prepared from CNF aerogels and a bio-epoxy resin using vacuum infusion. The permeability of the anisotropic aerogel preforms was comparable to that of natural fiber mats, and the processing time of the composites was shorter than in most of the impregnation methods. In addition, the elastic and storage moduli of the composites were better than those of pure epoxy in both testing directions, and the strength was improved in the longitudinal direction. However, the impregnation did not seem to have occurred at the single fiber level, and the interfacial adhesion between the CNFs and the bio-epoxy matrix appeared to be non-ideal. To improve the method and produce cellulose nanocomposites with better performance, it is necessary to study the effects of processing temperature, moisture, and the surface characteristics of the preforms on the mechanical properties of the composites. 
Table 2
Viscoelastic properties of the epoxy/CNF composites. Flexural storage modulus and tan delta peak temperature measured in both the longitudinal (‖) and the transverse (⊥) directions. 
